Abstract. The sensor location problem is of particular importance when planning the allocation of limited field equipment intended to be used for advanced traffic management systems and traveller information services. The locations within a network that satisfy specific goals need to be carefully selected, based on predefined goals related to the effective collection of data and the subsequent estimation of traffic related information. The detection of traffic volumes is mainly associated with two purposes, the travel time and the Origin-Destination (O-D) trip matrix estimation. In this context, this paper presents a quadratic programing model, able to determine the optimal location of tracking sensors. The model is implemented in the urban road network of the city of Thessaloniki (Greece) in which specific number of sensors is installed and utilized for real-time travel time information provision. The proposed methodology models the sensor location problem under the general framework of a set covering problem, which is one of the most popular optimization problems and has been applied in many industrial problems. The results of the case study in Thessaloniki reveal that the proposed model defines the optimal location of the limited number of sensors in such a way that the network, which is created having all sensors as origin or destination of all possible paths, represents to great extent (87% of the traffic flow along the major paths) the traffic volumes of the whole road network of the city.
Introduction
The capabilities for the provision of real-time mobility information and services have significantly increased during the last years, especially due to both new available technologies and high penetration level of smart devices, which have become an indispensable component of the daily traveling.
An emerging technique for the provision of real time travel time as well as for monitoring drivers' behaviour and traffic patterns is the use of point-to-point sensors for tracking individual travellers within a road network. Different kinds of sensors detect various characteristics of traffic flows such as travel time, speed, density, occupancy, volumes. There are mainly four types of sensors in accordance to the flow characteristics that can be obtained: counting sensors (able to count vehicles on a lane(s)), path -ID sensors (measuring the flow volumes of special vehicles having electronic tags and following a predefined path), image sensors (measuring the flow volumes using machine vision) and vehicle -ID sensors (where the vehicles have unique identification characteristics, such as the license plate or RFID detectors).
One technology capable of tracking anonymously users at various locations within a road network is that of Bluetooth (BT) sensors. BT sensors cannot be classified in the conventional ones, since their detections include not only vehicles. However it has been proved by various studies (Haghani et al. 2010; Quayle et al. 2010) that they can be utilized in order to produce travel time of vehicles moving on specific paths.
The market penetration of devices equipped with BT technology has grown significantly during the last years. Nowadays one third of the vehicles have detectable BT on board while 70% of all new vehicles will have BT connectivity by 2016 (Strategy Analytics 2010). At the same time, there is a significant increase in the sales of the BT enabled devices (mobile phones, e-health devices, sports and fitness training, e-assistant, wearables, etc.), with more than 7 billion BT enabled devices shipped between 2000 and 2011, while forecasts show that more than 3.5 billion of BT enabled devices will be shipped yearly by 2016 (Powell 2013; Banerjea 2013) . Particularly, a comparison between traffic flow values and number of BT detections in Thessaloniki (Greece) in 2012 showed that 20% of the vehicle traffic volume is detected by the BT sensors.
Within a road network, BT sensors can be placed in selected locations and detect bypassing BT enabled devices, such as navigators, mobile cell phones or other in-vehicle BT devices. Each BT device has a unique Media Access Control (MAC) address, which is stored in the logger of the sensors along with the exact time of the detection. Whenever a BT device is detected by two different sensors at two different locations and time frames the travel time along the route between these two sensors can be measured. It becomes obvious that the location of the BT sensors important and should be carefully examined as a sensor location problem.
In this context, the aim of the current research is to define a methodology for the location of sensors for estimating travel times in an urban area based on a point-to-point tracking system of BT sensors. The methodology is applied to the road network of Thessaloniki, where a network of 35 BT sensors has been installed for the real-time provision of travel times along major routes of the city.
The paper is structured as follows: A literature review is presented in the first section, discussing various existing studies related to the location of traffic sensors in a network as well as to the design of point-to-point sensors networks, especially with the use of BT sensors. The second section presents the proposed methodology followed by its application in the road network of the city of Thessaloniki in the third section. Finally, conclusions and future research directions are presented in the last section of the paper.
Literature Review
The use of BT sensors has been studied extensively, with positive results regarding their high effectiveness for the estimation of travel times (Ahmed et al. 2008; Sharifi et al. 2011) , both when applied to freeways and arterials (Haghani et al. 2010; Quayle et al. 2010; Wasson et al. 2008) and to urban road networks (Mitsakis et al. 2015) . The main difference between the freeways and the urban networks is that in the latter the application of such systems presents significant difficulties due to the urban road networks' density and complexity. The determination of the locations where the sensors should be installed is a crucial step, since travel times estimation significantly depends on the sensors' layout. According to literature, there are three main criteria that an optimal sensor location methodology needs to cover: (1) identification of the intersections that are the end points (destinations) of paths with significant variation of travel times within a day, (2) identification of the intersections that serve significant traffic flow volumes, and (3) identification of the intersections through which the drivers can follow alternative routes, in order to avoid congestion. Various methodologies have been developed for determining the optimum sensors' locations, fulfilling the three above mentioned criteria to a significant extent.
Aiming to provide accurate traffic flow estimates Bianco et al. (2001) have emphasized on the importance of the process to identify the total number and the location of sensors. Until then, the only sensor location prerequisite developed was the 'Origin-Destination (O-D) Covering Rule' of Yang et al. (1991) , who defined and solved the problem by a two -stage process approach. In the first stage, they solved the sensor location problem in order to determine the minimum number of sensors, while in the second stage they produced an O-D trip matrix. The main idea was that the information derived by the solution of the sensor location problem could improve the accuracy of any applied O-D estimation model. Gentili and Mirchandani (2005) further investigated the sensor location problem for a class of sensors, which can communicate with the vehicles and collect information regarding their route but also other traffic characteristics. The authors have developed two generic location selection models for active sensors that aim to provide answers to the following two question: (1) which is the quantity and the location of sensors, so as to obtain sufficient information on traffic flow volumes and (2) taking into account that there is already an existing network of sensors, which is the quantity and the location of additional sensors, so as to collect sufficient information regarding traffic flows and volume. The framework of the general set covering problem, which is one of the most popular optimization problems and mostly applied to industrial problems, has been used for all scenarios analysed. Eisenman et al. (2006) used a simulation-based system for real time network traffic estimation and prediction with the use of dynamic traffic assignment for the analysis of various levels of detections, as well as different sensor locations. They approached the sensor location problem considering the perspective of value of information.
A comprehensive review of the sensor location is provided by Gentili and Mirchandani (2011) . They have classified the sensor location -flow estimation problem as an optimization problem according to different evaluation criteria and operational rules. Sherali et al. (2006) used a quadratic function of multiplication of traffic flow and the coefficient of variation of traffic flow on each link. They proposed a nonlinear mixed integer programming model that can be solved even for large scale networks. Teodorovic et al. (2002) proposed as objective function the weighted average of total number of sensors and the number of O-D pairs that are partially covered. Bartin et al. (2007) proposed the minimization of the weighted sum of speed variation of all road segments using a nearest neighbour algorithm. Barceló et al. (2012) proposed the use of link detection layout problem with modified sets, including also constrains, with model specific conditions. They also proposed an intersection layout problem. Their model aims to maximize the traffic flow detected over the paths that connect the examined intersections.
Based on review of the related literature, it is apparent that most of the methodologies developed focus on the estimation of O-D matrices, and therefore the sensors location aims at maximizing the number of O-D pairs and paths covered.
Most authors follow the set covering problem approach. The model proposed in the present paper is based on the dual of the set covering problem. The motivation for using the dual problem approach is to achieve maximum observed traffic volumes, in order to ensure efficiency to the travel time estimation models.
Methodology
In order to identify the most significant intersections for locating the BT sensors, the following methodological steps have been followed (Fig. 1) .
Identification of the Road Links Comprising the Network of the Study Area
The first step entails the selection of the links that comprise the road network of the study area, which is a subset of all physical links. This procedure aims to exclude links with limited capacity, which may not be included in travellers' route choices. The network is selected to include only significant links, which are connected to major intersections.
Identification of Major Paths and Candidate Locations
The candidate BT sensor locations are at the intersections of the major paths, since by locating the sensors at intersections the total number of detected vehicles is larger in comparison to locating the sensors between intersections, considering that the detections will include the vehicles coming from and heading to all the legs of the intersection. In order to analyse the characteristics of the selected intersections (candidate BT sensor locations) and in order to define comparison mechanisms, the most significant (major) paths are defined, based on the traffic flow volume.
Optimization Model for Solving the Sensor Location Problem
The objective function and the constraints of the proposed optimization model are defined as follows: the overall objective is to identify the set of intersections (sensor locations) that maximizes the observed (daily) traffic flow volumes. Thus, the decision variable x is binary and defined as follows:
when intersection is selected; otherwise 0, .
1,
The objective function of the optimization model is defined as:
with h i corresponding to the average hourly traffic flow volume that can be detected at the intersection i. In order to calculate the total hourly traffic flow volume for each intersection (Fig. 2.) , entering and exiting traffic flow volumes of all corresponding intersection legs are calculated for every hour of the day based on the following formula:
where: A i is the number of legs of intersection i; a ij is the traffic flow volume on leg j of intersection i. There are the following constraints: -the existing network of BT sensors; -the total number of sensors to be installed; -the corresponding 'neighbour' constraint defining the minimum distance between two sensors. From the coordinates of each intersection, a distance matrix is calculated, expressing the Euclidean distances between each pair of intersections. Intersections located at a specific distance, lower than a predefined limit, which depends on the size of the area and the number of sensors, are defined as neighbouring intersections. The neighbouring indicator matrix is used for ensuring that neighbouring intersections will not be selected. However, the intersections where existing sensors are located are excluded from this procedure.
Parameter n ij of the neighbouring indicator matrix is equal to 1, when the distance among two intersections is less than 1.5 km and 0 otherwise. Constraint 1 expressing this rule is specified as follows:
Constraint 2 expresses the limitation of the available set of sensors:
where: Q is the number of available sensors. An additional constraint is included, guarantying that the location of the existing sensors will be included in the result:
where: D is the number of existing sensors; y i indicates that the intersection i belongs to the existing network of sensors. Since Constraint 1 is quadratic, the optimization model is a Quadratic Programming Model.
Case Study
A detection network comprised of 10 BT sensors has been operational in the central part of Thessaloniki (Mitsakis et al. 2015 (Mitsakis et al. , 2013 Morfoulaki et al. 2011) since 2011. This network provides data for estimating and monitoring travel times along 22. Besides the estimation of travel times for informing travellers through an advanced traveller information system, estimates for travel times are also being used for the calibration of a traffic assignment model that has been developed for traffic state estimation and prediction at network level . Recently, 25 additional BT sensors have been installed based on the application of the methodology presented in Section 2. The steps and results are presented in the subchapters below.
Identification of the Road Links Comprising the Network of the Study Area
The links that have been selected based on the above criteria are presented in Fig. 3 . The entire physical road network of the study area in Thessaloniki is comprised of 137852 links, while the selected network includes 3073 links. This subnetwork is comprised of the main streets of the urban area of Thessaloniki in terms of capacities and traffic volumes and represents 78% of the total traffic volumes of the city's road network. Moreover, the subnetwork was selected so as to be a fully connected network.
Identification of Major Paths and Candidate Locations
The major paths have been selected based on a grid approach, including the main vertical and horizontal axes of the study area. Moreover, additional paths serving short but equally significant trips that are generated mainly in the city centre have been also defined. Intersections that are included in these paths accounts for almost 80% of the total traffic volumes of the city.
The horizontal paths cover all trips from the main East-to-West and West-to-East 'gates' of the city. It is should be highlighted that the horizontal paths, which fulfil the condition of crossing from East-to-West and vice versa, are limited in number. Initial conclusions based on their main characteristics are the following:
-the observed daily traffic volumes along the peripheral ring road are on average 110000 vehicles with an average speed ranging between 70-100 km/h, resulting to travel times of approximately 20 min for traveling along the entire ring road; -the average speed along the main roads passing through the city centre ranges between 40-50 km/h, the duration of trips is 25 min on average and the observed traffic volumes are on average 45000 vehicles per day; -when roads of lower importance (based on the network's hierarchy) are also taken into account, the average speed drops to 25-30 km/h and traffic volumes are on average 25000 vehicles per day. Vertical paths connect the main horizontal axes and thus produce several alternatives, serving the entire city. Some important observations are the following:
-vertical paths located at the Eastern part have an average length of 2-4 km and 7-9 min of travel time; -vertical paths located at the Central area have an average length of 3-4 km and 10 min of travel time; -vertical paths located at the Western part have an average length of 4-6 km and 10 min of travel time. The intersections that constitute the nodes of the defined network were all candidate locations, where the ΒΤ sensors could be located. The total number of intersections of the selected network is 252.
Results
The optimal solution of the model, taking into account the neighbour constraint as well as the 10 sensors already installed (Fig. 4) , is 172741 (vehicles).
Sensitivity Analysis
In order to evaluate the robustness of the results, a sensitivity analysis has been performed, aiming at validating the selection of the sensors location based on the results of the optimization model applied to various scenarios.
The model has been applied to hourly traffic flows and to two representative time intervals within the day. The first scenario (A) was obtained by using the average traffic volumes of a typical day, while an average volume for the morning peak period (from 7:00 am to 8:00 pm) was used for the second scenario (B).
The variability of the traffic flow volumes during the day is presented in the box plot of Fig. 5 , from which it can be concluded that the variability of traffic flow is significant for several paths. Fig. 6 shows the box plots of the two scenarios, from which it can be concluded that the traffic flow variability is significantly lower from 7:00 am to 8:00 pm (scenario B).
The optimization model was used for solving the 24 scenarios of the hourly traffic flows, as well as the two scenarios containing average volume values. A total of 38 different locations were obtained from the different solutions. The frequency of appearance of each location is presented in Fig. 7 .
A subset with the same 15 locations appeared in the results of all the scenarios, while a larger subset, containing 25 locations appeared in more than 95% of the solutions.
In order to further validate the results of the applied model, two performance measurements were examined. The first one is the percentage of the coverage of vertical and horizontal major paths, while the second one refers to the percentage of the coverage of daily traffic along these paths. It has been found that 100% of the horizontal and 75% of the vertical paths are covered by the sensor locations derived by the proposed model. In total, these account for 87% of the traffic flow along the major paths. 
Conclusions
Determining the location of a limited number of field equipment in a road network to be subsequently used for advanced traffic management and traveller information systems is a complex task. The sensors' locations within a network should be selected based on specific goals such as maximizing the traffic flow monitored by the sensors and accounting for variability of flows. In this paper, a methodology for the optimal location of BT sensors in an urban road network has been proposed, applied and assessed. The methodological framework takes into account the main goals predefined by the specificities of each road network. In the previous sections, all necessary methodological steps have been presented together with the quadratic programming model developed for identifying the optimal locations, taking into account already existing sensors.
The implementation of the proposed modelling approach in the case of Thessaloniki reveals that the result of this approach can effectively meet the three criteria set in the literature. More specifically, the location of the sensors deriving from the methodology are at intersections that serve significant traffic flows of the study area and through which the drivers can follow alternative routes, in order to avoid congested routes. Moreover, their location within the road network can 'shape' a network of paths with significant within-day variations of travel times and serve significant numbers of traffic flow volumes.
Future steps should include research along three main directions. The first one is on the application of alternative solution methods, including the linearization of the product of the variables and the problem formulation as an integer linear programming model. Other approaches such as heuristics and metaheuristics could also be applied. The second direction of further research could focus on the evaluation of the results derived from the location of the sensors with a view to improve other tools and systems that aim to provide real time information to travellers. A third direction of further research includes the optimal allocation of different types of detection sensors, co-existing in the same network (e.g. BT detectors and loop detectors. 
